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Abstract: Monitoring and improving environmental stress in crops is vital for the sustainable
development of agriculture and food security. Traditional experimental methods are costly and
time-consuming, yet crop growth models focus mainly only on water and nutrient stresses. In this
study, a new World Food Studies (WOFOST) model, WOFOST-ES, was developed by the addition of
a general environmental stress factor (ES). To calibrate and validate WOFOST-ES, two-year micro-plot
experiments and one-year field experiments with sunflower were conducted in the Hetao Irrigation
District, China. The results of the micro-plot experiments indicated that the WOFOST model failed
to simulate sunflower growth correctly but that the WOFOST-ES model was highly accurate in
simulating both yield (R2 = 0.99, root mean square error (RMSE) = 56 kg/ha) and leaf area index (LAI)
(R2 = 0.86, RMSE = 0.44). A statistical method for estimating ESs based on the dominant stress factor
(salt at our study site) was also proposed as a supplemental tool for WOFOST-ES, and micro-plot
and field experiments conducted in 2013 and 2017 both proved acceptable accuracy of the statistical
method when using WOFOST-ES. Comparison between ESs and the water and salt stress factors
of Feddes-type stress reduction functions indicated that ESs failed to reveal actual environmental
stresses during the sunflower seeding stage but did reflect other environmental stresses in addition
to water and salt during the bud, flowering, and maturity stages. Although the present WOFOST-ES
model proved to be accurate, stable, and practical, future studies should be performed, focusing on
the physical separation of ESs, their mechanistic quantification, and their evaluation at small time
steps using more observations.
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1. Introduction

Soil salinization is a serious environmental problem affecting more than 8.31 × 108 ha of soil
resources worldwide [1–4]. High salt concentrations in soil can decrease both the growth rate and
ultimate size of crops by increasing the osmotic potential of soil water [5,6]. Researchers indicated
that the reduction in crop yield due to soil salinization normally ranges from 10% to 90% for wheat,
30% to 50% for rice, 50% to 75% for cotton, and 30% to 90% for sugarcane [7]. Furthermore, single
salts or extreme ion ratios are likely to result in specific ion toxicities, which may lead to leaf damage
and defoliation, furthering decreasing photosynthesis [8]. Salinity can also induce elemental nutrient
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deficiencies or imbalances in crops, and there is consensus that high salinity is a significant threat to
the sustainable development of agriculture and food security [9–11]. Since the last century, numerous
experimental studies have been performed to identify a solution for this issue, and many distinguished
achievements have been documented [12,13]. However, with continuing in-depth research, scientists
have realized the shortcomings of purely experimental studies. For example, salt tolerance varies
widely among different crop species: some crops, such as strawberry and sesame, are highly sensitive
to salinity [14,15], whereas other crops, including cotton and triticale, are almost as tolerant as some
halophytes [16,17]. In addition, salt tolerance changes during crop growth [18]. Therefore, it is difficult
to systematically describe interactions between crop and salinity using only experiments; in fact, these
variabilities in salt tolerance have caused inconsistent experimental findings. For instance, despite a
previous classification as moderately sensitive, Katerji et al. [19] re-classified maize and sunflower as
salt-tolerant crops. Our previous studies also proved that sunflower can grow better under slightly
moderate saline conditions, which is contrary to results indicating that sunflower yield decreases with
soil salinity [20]. Although salt is usually the dominant factor restricting crop growth in salt-affected
regions, other factors such as climate and nutrient status may also impact crop growth [21–23], yet
experiments cannot consider all these factors due to the associated time and cost.

As alternatives to experimentation, researchers have developed many models to simulate crop
growth dynamics in agro-ecosystems, and some of these models can also consider environmental
stresses that affect crops (Table 1). For example, World Food Studies (WOFOST) accounts for
soil water stress and calculates nutrient demand for potential crop growth [24]. The Agricultural
Production Systems sIMulator (APSIM) can simulate crop growth under both water and nutrient
stress conditions [25], and HYDRUS has the ability to simultaneously model root water uptake
affected by various stress factors (e.g., water and salt) using Feddes-type stress reduction functions
(Feddes model) [26]. Nonetheless, it is clear that models accounting for numerous environmental
stress factors largely focus on soil hydrologic dynamics (e.g., HYDRUS, SWAT (The Soil and Water
Assessment Tool)) [26,27] and that models based on crop physiology (e.g., WOFOST, APSIM) typically
only consider a few environmental stress factors (e.g., water, nutrients, and heat).

Table 1. Reviews of crop models that consider environmental stresses.

Name Version Water Salt Nitrogen Temperature CO2 Reference

APEX Version: 0604
√ √ √ √ √

[28]
APSIM Version: 2

√
×

√ √ √
[29]

CropSyst Version: 4
√ √ √ √ √

[30]
DAISY Version: 2012

√
×

√ √ √
[31]

DayCent Version: 4.5
√

×
√ √ √

[32]
DNDC Version: 8.3p

√
×

√ √
× [33]

WOFOST Version: 7.1.7
√

×
√

×
√

[34]
DSSAT Version: 3.5

√
×

√ √ √
[35]

EPIC Version: 0810
√ √ √ √ √

[36]
HYDRUS Version: 4.17

√ √ √ √ √
[37]

LPJmL —
√

×
√ √ √

[38]
MONICA Version 2.0

√
×

√ √ √
[39]

SPACSYS —
√

×
√ √ √

[40]
STICS Version: 8.3

√
×

√ √ √
[41]

SWAT Version: 2009
√ √ √

×
√

[27]

Consequently, Zhou et al. [42], Li et al. [43], Li et al. [44], and Eweys, Elwan and Borham [34]
proposed the coupling of crop and hydrologic models to maximize their advantages. This approach
appears to be beneficial, and it has been used in some studies. However, in addition to the possible
conflicts that arise during coupling, this approach requires more input parameters, which may cause
difficulties for model calibration. Moreover, some of the input parameters (e.g., soil hydraulic
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parameters) are difficult to obtain, which also restricts the application of this approach across
large regions.

Based on our previous experience, complicated approaches are usually not the most efficient [18].
In large-scale modeling, it is common to use a general factor that reflects complicated interactions
among different stress factors (e.g., water, salt, heat, cold, and nutrients) and crops. Moreover, due
to the development of modern agricultural management, many stress factors can be well controlled
in field practice. For example, in the Hetao Irrigation District (HID), a typical salt-affected region of
China, soil moisture is artificially adjusted to be suitable for crop growth using flood irrigation before
sowing and film-covered planting [45,46]. Because salinity is the dominant factor that affects crop
growth in the HID, we hypothesize that different stresses can be reflected by a general environmental
stress factor (ES) and that ES can be quantified based on dominant stress factor observations.

The main objective of this study is to determine a general stress factor to consider the different
environmental stresses. To this end, we conducted two-year micro-plot experiments on sunflower (one
of the main cash crops in the study region) in the HID and applied WOFOST as the base model for
two reasons. First, WOFOST is a physical-based crop growth model that focuses on crop physiology.
Second, this model has been widely used and is open source, which facilitates further development.
After evaluating the performance of the WOFOST model using field experimental data, we developed
and validated a new WOFOST model, WOFOST-ES, by adding a general ES. We also proposed a
statistical method for determining ESs, which may offer a novel strategy for improving crop growth
modeling in the future.

2. Materials and Methods

2.1. Descriptions of WOFOST and New Improvements

The WOFOST model was designed to simulate plant growth and physiological development
processes at a daily time step; it has been widely applied to many crops, including sunflower [47].
WOFOST first calculates the dry matter growth rate by computing the potential gross assimilation
of a crop under optimal conditions based on effective incoming radiation. A portion of the available
carbohydrates is used to provide energy for maintenance and crop respiration, and the remainder is
converted into dry matter during the crop growth season. The gross dry matter is then partitioned
among different organs (leaves, stems, storage organs, and roots) based on a pre-defined partitioning
fraction for these organs [48]. The present version of WOFOST (version 7.1.7) accounts for water
stress using the ratio of actual to potential transpiration as a reduction coefficient for gross assimilate.
However, WOFOST does not incorporate any stress factor to reflect the impacts of other environmental
stresses (e.g., salt, cold, and heat). In this study, we embedded a general ES into the WOFOST model
(Equation (1)) to modify the potential productivity of sunflower through carbohydrate assimilation
efficiency (WOFOST-ES, Figure 1).

AE(t) = ES(t) × AEP(t) (1)

In Equation (1), AE(t) is the stress-affected assimilation efficiency at time t; AEP(t) is the
assimilation efficiency of the potential productivity level under optimal growth conditions at time t.

In the WOFOST-ES model, ES also accounts for water stress. Therefore, the original WOFOST
model should be configured to run only under the potential condition. In addition, although ES can
vary with time at a daily step, it is usually difficult to obtain daily ES values in practice. Therefore, an
option is to define ES based on specific crop growth stages. ES values range from 0 to 1. When the
value is closer to 0, AE declines at a certain rate, whereas AE approaches the potential productivity
level when the value is closer to 1.
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Figure 1. Simplified diagram of the structure of the modified model (WOFOST-ES) under general
environmental stress.

2.2. Study Site

Both micro-plot and field experiments were conducted at the Yichang experimental station in the
HID of Inner Mongolia, China (49◦19′–41◦18′ N, 106◦20′–109◦19′ E). The HID has the largest gravity
irrigation area (approximately 1.05× 106 ha) in China and is representative of the temperate continental
climate. The average annual precipitation and potential evapotranspiration are approximately 176 mm
and 2056 mm, respectively, and approximately 60% of precipitation occurs from June to August [49].
Strong evaporation forces constant upward migration of groundwater and soil water with salt, causing
salt accumulation in the root zone. The basic climate data for the present study were obtained from an
agrometeorological station at our experimental site (Figure 2). Due to its salt-tolerant ability, sunflower
is one of the dominant cash crops in the HID, accounting for more than 60% of farm land, and selling
sunflower seed has become the main source of income for local farmers [18].

2.3. Micro-Plot Experiments

Micro-plot experiments for sunflower (cv. LD5009) were performed from 2012 to 2013. The crops
were planted in micro-plots with undisturbed soil. Each micro-plot covered an area of 180 cm× 180 cm,
and the sides were wrapped with impermeable plastic to a depth of 150 cm. Sunflower seeds were
planted on 7 June 2012, and on 4 June 2013 (Table 2), in a grid of four rows (45 cm × 40 cm) in each
micro-plot. The plants were harvested on 24 September 2012, and on 16 September 2013 (Table 2).

Table 2. Phenology data of sunflower in 2012, 2013, and 2017. DOY denotes day of year.

Growth Stages
Year: 2012 Year: 2013 Year: 2017

Date DOY Date DOY Date DOY

Sowing 7 June 159 4 June 155 27 May 147
Bud 3 July 195 21 July 202 11 July 192

Anthesis 15 August 228 7 August 220 28 July 209
Maturity 14 September 258 6 September 249 5 September 248
Harvest 24 September 268 16 September 259 15 September 258
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Figure 2. Basic climate data during sunflower growth periods in 2012 (a), 2013 (b) and 2017 (c).

In each micro-plot, leaf area was measured on 22 July, 2 August, 9 August, and 20 August in 2012
and on 30 June, 10 July, 24 July, 14 August, 21 August, and 7 September in 2013 using a tape for the
length (L) and width (W) of each leaf. The leaf area index (LAI) was calculated as 0.6564 × L ×W [50].
After harvesting, air-dried seed yields (<8% moisture) from each micro-plot were weighted. More
details about the experiments can be found in our previous publications [18,20]. The initial soil salt
and moisture contents differed among micro-plots, and salt and moisture contents varied at different
depths in the same micro-plot. Because our study focused on the effects of complex environmental
stresses on sunflower growth, the LAI data and seed yield observations from 14 micro-plots with
relatively large heterogeneous distributions of initial salt and moisture contents were selected as
the data source for this study. Using 2012 as a reference, the maximum and minimum moisture
contents were 0.592 cm3/cm3 and 0.073 cm3/cm3, respectively; the maximum and minimum soil
salt contents (measured as saturated electrical conductivity, ECe) were 1.024 dS/m and 54.982 dS/m,
respectively. Details of the soil physical properties and initial moisture and salt contents are shown
in Tables 3 and 4, respectively.
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Table 3. Soil physical properties of micro-plots (mean value of the 14 micro-plots) and fields (mean
value of the 7 micro-plots).

Experiment Depth (cm) BD (g/cm3) Sand (%) Silt (%) Clay (%) OM (g/kg) Soil Texture

Micro-plot
experiments
in 2012 and

2013

0–10 1.35 12.58 54.94 32.48 11.6 Silty Clay Loam
10–20 1.35 11.79 52.81 35.40 10.63 Silty Clay Loam
20–30 1.44 12.02 52.32 35.66 8.21 Silty Clay Loam
30–40 1.44 12.27 53.77 33.96 6.94 Silty Clay Loam
40–60 1.44 8.91 69.77 21.32 6.94 Silt Loam
60–80 1.51 12.48 70.57 16.95 6.94 Silt Loam

80–100 1.51 16.69 69.59 13.72 6.94 Silt Loam

Field
experiments

in 2017

0–10 1.35 10.28 71.67 18.05 14.64 Silt Loam
10–20 1.38 7.85 72.29 19.86 15.14 Silt Loam
20–30 1.44 6.85 78.88 14.28 10.74 Silt
30–40 1.55 20.2 61.34 18.46 10.6 Silt Loam
40–60 1.61 16.51 77.82 5.67 12.86 Silt Loam
60–80 1.59 10.36 66.31 23.33 11.47 Silt Loam

80–100 1.52 11.89 33.05 55.06 10.24 Clay

Note: BD denotes bulk density; OM denotes organic matter. Soil texture was determined based on the soil texture
triangle of the United States Department of Agriculture (USDA).

Table 4. Initial moisture and salt contents of micro-plots from 14 micro-plots and 7 fields in 2012, 2013
and 2017.

Depth (cm)
Moisture in 2012 (cm3/cm3) Moisture in 2013 (cm3/cm3) Moisture in 2017 (cm3/cm3)

Mean (SD) Max Min Mean (SD) Max Min Mean (SD) Max Min

0–10 0.310 (0.052) 0.404 0.073 0.276 (0.042) 0.348 0.152 0.218 (0.039) 0.360 0.116
10–20 0.310 (0.049) 0.438 0.189 0.282 (0.045) 0.369 0.190 0.243 (0.037) 0.404 0.126
20–30 0.337 (0.051) 0.434 0.209 0.305 (0.050) 0.389 0.113 0.263 (0.045) 0.393 0.153
30–40 0.340 (0.051) 0.426 0.200 0.319 (0.059) 0.557 0.134 0.300 (0.048) 0.459 0.098
40–60 0.374 (0.056) 0.592 0.204 0.353 (0.056) 0.429 0.152 0.347 (0.043) 0.488 0.153
60–80 0.411 (0.055) 0.496 0.192 0.381 (0.072) 0.474 0.113 0.370 (0.044) 0.493 0.157

80–100 0.427 (0.044) 0.503 0.269 0.390 (0.067) 0.488 0.137 0.362 (0.041) 0.506 0.170

Depth (cm)
Salt in 2012 (ECe, dS/m) Salt in 2013 (ECe, dS/m) Salt in 2017 (ECe, dS/m)

Mean (SD) Max Min Mean (SD) Max Min Mean (SD) Max Min

0–10 9.570 (8.611) 54.982 2.102 7.419 (3.797) 18.130 2.427 4.442 (3.431) 15.466 1.295
10–20 7.849 (4.827) 23.680 2.294 6.641 (3.240) 14.748 1.783 4.655 (3.158) 14.112 1.332
20–30 7.608 (4.051) 20.942 1.250 6.245 (2.978) 14.016 1.613 5.05 (3.389) 14.445 1.225
30–40 7.873 (5.681) 42.128 1.024 6.007 (3.531) 22.126 1.169 5.095 (3.308) 14.445 1.295
40–60 6.276 (3.780) 14.948 1.709 5.425 (2.510) 12.136 1.431 4.988 (2.993) 14.001 1.243
60–80 5.175 (3.251) 15.318 1.469 4.827 (2.820) 13.549 1.345 5.174 (2.813) 13.483 1.058

80–100 4.532 (2.708) 11.389 1.228 4.170 (2.483) 11.936 1.228 4.819 (2.197) 10.419 1.125

Note: SD denotes standard deviation. There were 14 micro-plots and 7 fields.

2.4. Field Experiments

Seven fields (F1 to F7) (7.5 m × 4.5 m) with naturally different salinity levels were established in
farmers’ fields in 2017 (Table 3). The saturated electrical conductivity (ECe) was measured to indicate
the salinity levels of each plot (Table 4). The respective mean, maximum, and minimum ECe values
of the soil profile were approximately 4.9, 13.8, and 1.2 dS·m−1, indicating that the experimental
plots ranged from non-saline (ECe < 4.5 dS·m−1) to highly saline (9 < ECe < 18 dS·m−1) soils [20].
At approximately one month before sowing, all fields at our study site had sufficient spring irrigation,
and no irrigation was applied during the sunflower growth period. Furthermore, each plot was
covered with three plastic films (1.0 m width, with a 0.25 m interval), and two rows of sunflower
were sown through holes in each plastic film on 27 May 2017, and at harvest on 15 September 2017.
Plant density was approximately 3.7 plants per square meter, and the sunflower cultivar used was
JK601 because almost all local farmers plant this cultivar. The nitrogen application rate for all seven
plots before sowing was 180 kg/ha. In addition, 90 kg/ha nitrogen was applied in F2, F4, F6, and F7,
approximately 20 days after sowing. Other management practices, including insect and weed control,
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were performed according to local agronomic practices, unless otherwise indicated. Because the
primary motivation for the field experiment was not for the present study, we only used the field
measurements of soil salinity and yield as independent data in this study to evaluate the performance
of the model. Specifically, three sunflower samples from each field were collected at harvest to measure
air-dried seed yields (<8% moisture).

2.5. Simulation Strategies

Crop parameters of the WOFOST model under potential conditions were determined based on
our observations and previous studies [20,46,51]. Specifically, micro-plot and field potential yields
were determined by using the highest sunflower yield in both 2012 and 2013 for the micro-plots and in
2017 for the fields. The simulated potential yield should be close to but higher than the yield of the
selected micro-plot (or field). The crop parameters used for sunflower under the potential condition
are shown in Table 5.

Table 5. Sunflower growth parameters of the WOFOST model under the potential condition.

Growth Parameter Unit
Value

Description
LD5009 JK601

TSUM1 ◦C·d−1 1250 1150 Temperature sum from emergence to anthesis
TSUM2 ◦C·d−1 530 730 Temperature sum from anthesis to maturity
RGRLAI d−1 0.0294 0.0294 Maximum relative increase in leaf area index (LAI)

SLA-0 — 0.035 0.035 Specific leaf in developmental stage 0
SLA-1 — 0.025 0.025 Specific leaf in developmental stage 1
SLA-2 — 0.025 0.025 Specific leaf in developmental stage 2

EFF kg·ha−1·h−1·j−2·m2·s 0.85 0.62 Light use efficiency for a single leaf

The soil and weather files for the WOFOST model were prepared based on these measurements,
and simulations were organized into four steps. In the first step, both potential and water-limited
conditions were simulated by WOFOST to evaluate its performance using our experimental field data.
In the second step, the ES values of the 14 micro-plots in 2012 were estimated according to LAI and
yield observations using the PEST program [52]. PEST is the industry standard software package for
parameter estimation and uncertainty analysis of complex environmental and other computer models.
It is comprehensively documented and accompanied by a plethora of utility programs that support
its use in conjunction with different kinds of other models. More details for the PEST program can
be found in reference [52]. Because our observations for parameter calibration were limited and ES
functions at a daily time step in our established WOFSOT-ES model, in this time step, we only used
four ES values that represent the seedling, bud, flowering, and maturity stages of sunflower based
on phenology observations (Table 2). This was done for simplification purposes and also to ensure
reliability. In the third step, an empirical function for determining ES values from soil characteristics
(e.g., moisture, salt) was proposed using partial least square regression (PLSR, details can be found
in Section 2.6). In the fourth step, the proposed empirical function was tested using independent
micro-plot and field data from 2013 to 2017, respectively.

2.6. Water and Salt Stresses of the Feddes Model

As described in Section 1, Feddes-type stress reduction functions (the Feddes model) can
determine both water and salt stress factors, and they have been widely employed. Our study
compared the ES values of the WOFOST-ES model with water potential and stress factors calculated
using the Feddes model.
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In the Feddes model, a piecewise linear reduction function was parameterized by four critical
values of the water pressure head (h4 < h3 < h2 < h1) [53].

α(h) =


h−h4
h3−h4

, h3 > h > h4

1, h2 ≥ h ≥ h3
h−h1
h2−h1

, h1 > h > h2

0, h ≤ h4 or h ≥ h1

(2)

In Equation (2), α(h) is a water stress factor, and h is the water pressure head. Details for
determining the above four critical values can be found in a previous publication [54].

Consistent with water stress, the effects of salinity stress α(π) on root water uptake can also be
described using the piecewise linear function [55]:

α(π) =


1, a ≤ π ≤ 0
1 + b(π− a), a > π > a− 1

b
0, π ≤ a− 1

b

(3)

In Equation (3), a and b are the adjustable parameters, often referred to as the salinity threshold
and slope, respectively. In our study, a and b for each micro-plot were calculated as previously
described [56].

2.7. Statistical Analysis

Correlation analysis between calibrated ES values for each micro-plot for the four growth stages
and for some typical soil water and salt indices, such as the average water and salt contents at a
specific depth, was first applied. Typical soil indices with a relatively high coefficient of determination
(R2, Equation (4)) were then selected as independent variables (X values), with ES values selected as
dependent variables (Y values). PLSR was used to establish an empirical relationship between X and Y.
The PLSR method has the advantages of principal component analysis (PCA), canonical correlation
analysis and linear regression methods, which can be used to solve multicollinearity problems. Detailed
descriptions of PLSR can be found in Kopačková et al. [57], Fan et al. [58], Geladi and Kowalski [59]
and our previous studies [60,61].

The root mean square error (RMSE, Equation (5)) and relative root mean square error (RRMSE,
Equation (6)) were also used with R2 to evaluate the accuracy of the simulation.

R2 =

 ∑n
i=1(Y

mea
i −Ymea

i )(Ymea
i −Ysim

i )√
∑n

i=1(Y
mea
i −Ymea

i )2
√

∑n
i=1(Y

sim
i −Ysim

i )2


2

(4)

RMSE =

√√√√ n

∑
i=1

(
Ymea

i −Ysim
i
)2

n
(5)

RRMSE =
RMSE

ymea
i

(6)

In Equations (4)–(6), n is the number of samples, Yi
mea is the i th measurement, Yi

sim is the i th
simulation, and Ymea

i and Ysim
i are the means of the measurements and simulations, respectively.
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3. Results

3.1. Model Performance

The potential and water-stressed yields in 2012 simulated by the original WOFOST model based on
determined parameters (Table 5) were 7395 kg/ha and 6085 kg/ha, respectively. However, the observed
yield in 2012 ranged from 1017 kg/ha to 6590 kg/ha, which indicated that 78.6% of the observations
were lower than the water-stressed simulated yield (Figure 3c). A similar phenomenon was observed
for LAI. Specifically, the WOFOST-simulated maximum LAI under potential and water-stressed
conditions was 5.22 and 2.55, respectively (Figure 3a). Although the maximum observed LAI was
4.47 in 2012, approximately 12.6% of the simulated values did not fall within the observed LAI
range. In contrast to 2012, the water-stressed simulated yield in 2013 was only 916 kg/ha. Therefore,
all observed yields were in the range of the 2013 potential and water-stressed yields simulated by
WOFOST (Figure 3d). Nonetheless, almost all observed LAI values were higher than the simulated
water-stressed LAI values, and approximately 23% of observed LAI values were higher than the
simulated potential LAI in 2013 (Figure 3b).
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Figure 3. Simulated and observed leaf area index (LAI, a,b) and yield (c,d) in 2012 and 2013.
Black lines indicate potential simulations using calibrated potential crop parameters. Red lines
indicate the water-stressed condition, activated using the water stress function in WOFOST. Blue dots
represent observations.

After modification based on environmental stress, the WOFOST-ES model exhibited very high
accuracy for both yield and LAI simulations. Specifically, the R2 values of yield and LAI were 0.99 and
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0.86, respectively, and the corresponding RMSEs were only 56 kg/ha and 0.44 (Figure 4). Detailed ES
values are shown in Section 3.2.Agronomy 2018, 8, x FOR PEER REVIEW    10 of 21 
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3.2. Stress Factors Used in the WOFOST-ES and Feddes Models

The ES of the WOFOST-ES model, the water stress factor of the Feddes model-α(h), and the salt
stress factor of the Feddes model-α(π) for the 14 micro-plots for the seedling, bud, flowering, and
maturity stages of sunflower in 2012 are shown in Figure 5. ES in the seedling stage was almost 0.99,
showing no stress during this stage. Similar to ES, α(h) was also 0.99, indicating that no water stress
occurred during the seedling stage. However, α(π) was 0.88, which indicated that sunflower did
experience salt stress during the seedling stage (Figure 5a). In the bud stage, the mean values of ES,
α(h), and α(π) were 0.68, 0.99, and 0.90, respectively, indicating the occurrence of both water and salt
stresses. As ES was even smaller than α(h) × α(π) (0.89), some other stress factors might have been
imposed during this stage (Figure 5b). A similar phenomenon was observed for the flowering stage.
Specifically, the mean values of ES, α(h), and α(π) were 0.42, 0.94, and 0.90, respectively. Moreover, the
lowest ES was only 0.04, whereas both α(h) and α(π) were larger than 0.5 (Figure 5c). Regarding the
maturity stage, although the mean value of ES (0.76) was smaller than α(h) (0.93) and α(π) (0.90),
differences among ES, α(h), and α(π) varied according to micro-plot. For 5 of the 14 micro-plots, we
detected that ES was larger than α(h) or α(π). For example, ES was 1.0 in the fourth micro-plot, whereas
α(h) and α(π) were only 0.76 and 0.98, respectively (Figure 5d).

3.3. Relationship between Environmental Stress Factors and Soil Conditions

Correlation analysis of soil moisture, salinity, and ES (not displayed) indicated that soil salinity
was the dominant factor affecting ES in our study area. Specifically, soil salinity (measured as saturated
electrical conductivity) at a depth of 60–80 cm during the bud stage (S60–80 bud) and soil salinity at a
depth of 20–40 cm during the maturity stage (S20–40 maturity) were significantly correlated (p < 0.01) with
ES during the bud stage (ESbud). In addition, soil salinity at depths of 10–20 cm and 0–10 cm during
the flowering stage (S10–20 flowering and S0–10 flowering) was significantly correlated (p < 0.01) with ES in
the flowering stage (ESflowering). At maturity, soil salinity at a depth of 20–40 cm during the bud stage
(S20–40 bud) and soil salinity at a depth of 60–80 cm during the flowering stage (S60–80 flowering) were the
two main ESs affecting sunflower growth.
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Figure 5. Environmental stress factor (ES) of the WOFOST-ES model, water stress factor of the Feddes
model-α(h), and the salt stress factor of the Feddes model-α(π) for the 14 micro-plots during the
seedling, bud, flowering, and maturity stages of sunflower in 2012. Sub-figures (a), (b), (c) and (d)
indicate seedling, bud, flowering and maturity stages of sunflower.

PLSR can accurately establish prediction relationships between ESs and specific soil salinity values.
The ESs of the bud, flowering, and maturity stages were predicted by soil salinity at a depth of 0–20 cm
before sowing (S0–20 bs) and by dominant soil salinity values as in Equations (7)–(9). The graphical
prediction accuracy of PLSR is shown in Figure 6, and the R2 values of the bud, flowering, and maturity
stages were 0.61, 0.52, and 0.88, respectively.

ESbud = 0.005 S0–20 bs − 0.045 S60–80 bud − 0.005 S20–40 maturity + 0.869 (7)

ES f lowering = −0.015 S0–20 bs − 0.075 S10–20 f lowering + 0.035 S0–10 f lowering + 1.056 (8)

ESmaturity = −0.028 S0–20 bs − 0.011 S20–40 bud − 0.017 S60–80 f lowering + 1.169 (9)
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Figure 6. PLSR prediction of environmental stress factors of bud (black squares), flowering (red dots),
and maturity (blue triangles) stages under the influence of soil salinity. Lines indicate linear fitting,
and the dashed purple line is the 1:1 line.

Equations (7)–(9) were employed to predict ESs of the bud, flowering, and maturity stages in
2013 and 2017; the ES of the seedling stage was set to 1. The results for 2013 indicate that predicted
ESs can also provide highly accurate LAI simulations. Specifically, R2 and RMSE of LAI in 2013 were
0.63 and 0.99, respectively (Figure 7b). There were relatively large differences between simulated and
observed yields in micro-plots 2, 3, 6, and 10; the R2 value was only 0.26, and RMSE was 890 kg/ha.
However, if we ignored the above four micro-plots, the predicted ESs also resulted in very accurate
yield simulations in 2013; the R2 and RMSE values were 0.81 and 357 kg/ha, respectively (Figure 7a).
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Figure 7. Evaluation of Equations (7)–(9) relative to the observed yield (a) and leaf area index (LAI, b)
in 2013. Red squares indicate micro-plots with large differences between simulated and observed
yield. R2, RMSE, and RRMSE in parentheses are statistical indices ignoring the four micro-plots in the
red squares.
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Similar to 2013, Equations (7)–(9) also showed high simulation accuracy for the field experiments
in 2017, even though the sunflower cultivar and experimental scale were both different from the
conditions used to establish the empirical equations. In particular, R2 was as high as 0.97, and RMSE
and RRMSE were only 114 kg/ha and 1.9%, respectively, when only considering the mean yields of
seven fields. Considering all samples, R2 was approximately 0.6, and RRMSE was smaller than 10%
(Figure 8).
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4. Discussion

4.1. Environmental Stresses in Different Growth Periods

Environmental stress factors (ESs) in the modified WOFOST model (WOFOST-ES) varied among
different growth periods. ES in the seedling stage (ESseed) was almost 1 in all micro-plots, thus with
the impression that no environmental stress affected sunflower during the seedling stage. This was
caused by the method of ESseed determination. Specifically, LAI and yield were dependent variables
for calculating ESs in our study. Although ESseed can affect both LAI and yield (Figures 9 and 10), in
WOFOST-ES, the relatively small LAI in the seedling stage reduced the effect of ESseed on subsequent leaf
growth. In addition, ESseed had an indirect effect on yield by altering leaf growth in subsequent growth
stages because no biomass was partitioned to storage organs in the seedling stage [62,63]. However, our
findings regarding ESseed differed from those of previous studies [18,46,64,65]. For example, Feddes-type
stress reduction functions (Equations (2) and (3)) indicated that 6 of the 14 micro-plots experienced
salt stress, whereas no micro-plots experienced water stress during the seedling stage. Moreover,
some experiments, including those in our previous studies, proved that sunflower readily suffers
from environmental stress during the seedling stage [20,66,67]. Nevertheless, the present results
indicated only that ESseed can be ignored; it was equal to 1 when WOFOST-ES was applied in our
study area, which does not prove that sunflower was insensitive to environmental stresses during the
seedling stage.
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ESs in the bud (ESbud) and flowering (ESflowering) stages were smaller than the combined water
and salt stresses of the Feddes-type stress reduction functions (Feddes-WS), which indicated that
stress factors other than water and salt also restricted sunflower growth during the bud and flowering
stages. For example, nitrogen is a factor that affects sunflower growth in this study area [68–70], and
heavy metals in soil also adversely affect sunflower [71,72]. ESbud and ESflowering in WOFOST-ES also
revealed that Feddes-type stress reduction functions might underestimate the adverse effects of soil
water and salt on sunflower growth. Furthermore, ESbud affected LAI in all four growth stages and
also affected changes in yield, whereas ESflowering only had a slight effect on LAI after flowering and
mainly affected yield (Figures 9 and 10). Therefore, in WOFOST-ES, ESbud was the dominant factor
affecting leaf growth in sunflower, which is reasonable, even from the view of crop physiology because
transfer of biomass to leaves would be significantly reduced in and after the flowering stage.

Similar to ESflowering, ES in the maturity (ESmaturity) stage also only affected yield, with no effect
on the change in LAI during the four growth stages. However, ESmaturity in WOFOST-ES was also
larger than the Feddes-WS in a few micro-plots, similar to ESseed; this may have been caused by the
heterogeneous spatial distribution of soil salt. Cai et al. [73] indicated that compensatory root water
uptake can occur in heterogeneous soils, possibly reducing environmental stress on crop growth.
Similar viewpoints were also proposed by Albasha et al. [74], Couvreur et al. [75], Skaggs et al. [76],
and Green and Clothier [77]. In the present study, using micro-plot 6 as an example, ESmaturity and
Feddes-WS in the maturity stage were 0.98 and 0.93, respectively (Figure 5), and the soil salt content
significantly decreased with soil depth, with an extreme difference of 4.72 dS/m (Figure 11).
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The Feddes-type stress reduction functions also indicated salt stress to be the dominant
environmental factor affecting sunflower growth when compared with water stress (Figure 5).
Previous studies have also shown that soil salinization is the main environmental challenge for
crop growth in our study area [78,79].

4.2. Quantification of Stresses Associated with Soil Conditions

As discussed in Section 4.1, although water and other stresses occurred in some of the micro-plots,
salt stress was the dominant environmental factor affecting sunflower growth in our study area, which
enabled quantifying ESs based on soil salt contents (Equations (7)–(9)). The soil salt content at a
depth of 0–20 cm before sowing was impulsively included in Equations (7)–(9) without correlation
analysis for two reasons: (1) the soil salt content at a depth of 0–20 cm before sowing has been widely
used for classifying soil salinization levels [80,81]; (2) this value can be easily obtained by remote
sensing technology at a regional scale, whereas soil sampling or in situ sensors (e.g., Time-Domain
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Reflectometry(TDR)) are needed for other variables in Equations (7)–(9). Furthermore, Equations (7)–(9)
also demonstrate that the distribution of soil salt affects ESs. For example, ESbud was related to the
soil salt content at depths of 60–80 cm and 20–40 cm during the bud and maturity stages, respectively.
This might be because the soil salt content at a depth of 0–20 cm before sowing was impulsively
imported and used to replace the soil salt content in the topsoil during the bud stage. Regardless, there
was large difference in the salt content between topsoil (e.g., 0–20 cm) and deep soil (e.g., 60–80 cm)
(Figure 11). It is possible that the inclusion of the soil salt content in Equation (7), at a depth of
20–40 cm during the maturity stage, resulted purely from the statistical approach adopted. In addition,
two interesting phenomena were found. First, the coefficients of the 0–20 cm soil salt content before
sowing and the 0–10 cm soil salt content during the flowering stage were positive in Equation (7) and
Equation (8), respectively, indicating that low salt stress may enhance growth and increase the yield of
sunflower. Similar results were found by Di Caterina et al. [82], Kong et al. [83] and in our previous
studies [18,20,45,63]. Second, soil salt contents at maturity were not included in Equation (9) because
ESmaturity indicated that salt tolerance increases with growth in sunflower [84,85].

When using field data from 2013 to test Equations (7)–(9), four micro-plots exhibited relatively
large differences between observed and simulated yields (Figure 7). A possible reason is that only
salt stress was considered in Equations (7)–(9); although salt was considered the main stress, other
environmental factors can also affect sunflower growth. In addition, the soil salt content changed
dynamically during the experimental period, and the statistical equations could not reveal such
dynamic physical changes. Nonetheless, due to their simple forms and acceptable accuracy, statistical
equations have been widely used in both practical applications and in scientific studies [86,87].
Therefore, as a supplementary tool for WOFOST-ES, Equations (7)–(9) can result in easier application
of the WOFOST-ES model in our study area and in other regions with similar soil salinization issues.
The high simulation accuracy for sunflower yield in field experiments in 2017 also supports this
conclusion (Figure 8).

4.3. Limitations

Our study also has some limitations. First, ESs could not be separated into different sub-stress
components. As stated above, general ESs result in a more practical and easier model application.
Regardless, we must concede that ESs cannot explain the source of environmental stress because
they could not be separated. Comparison of Feddes-W and Feddes-S also showed that ESs cannot be
separated based on Feddes-type stress reduction functions. Therefore, future studies should focus on
the detailed components of ESs to allow physical separation [88]. Second, the present method used
to quantify ESs is statistical; this method considers only the main stress factor, and the underlying
mechanism is lacking. The next step should focus on improving quantifications by considering both
the content and dynamics of the main stress factor as well as crop characteristics (e.g., LAI), to ensure
that the results are mechanistic and accurate and that the variables can be easily obtained at a large
scale. Third, although ES in the WOFOST-ES model can be changed to a daily step, we simplified
it to be constant during each growth stage due to the lack of field observations. Hence, additional
evaluations should process smaller time steps to assess the accuracy and stability of WOFOST-ES.
In addition, the present modifications added ESs to reduce CO2 assimilation in WOFOST before
biomass partitioning, assuming that the effects of environmental stress would impact all organs
act in the same way; thus, compared with some specific studies, our present strategy was short of
mechanism [89–91]. Although many previous studies have used similar methods to consider drought
stress in WOFOST [34,42], further efforts, especially experimental studies, should focus on the effects
of environmental factors on feedback between crop organs, which may also provide more reliable
evidence to update the present empirical biomass partitioning coefficients in WOFOST. However, as
stated above, the present modifications for WOFOST mainly focused on the balance of the crop growth
mechanism and practical applications, which was also the motivation to modify the physical-based
WOFOST model with a statistical method. Fortunately, independent evaluations with data from
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different crop cultivars at different scales have proved the accuracy and reliability of our previous
modifications (Figures 8 and 9), and we will also persistently strive to overcome these limitations in
future studies.

5. Conclusions

Our study added a general environmental stress factor (ES) to modify the WOFOST model and
enable accurate simulation of different environmental stresses, including water and salt stresses.
The newly developed model (WOFOST-ES) was first applied to sunflower micro-plot experiments
in 2012 in the Hetao Irrigation District (HID), a semiarid and arid region. The results showed good
agreement between the WOFOST-ES simulations and experimental measurements, and WOFOST-ES
could account for more than 85% variability in both sunflower yield and LAI. Environmental stress
factors (ESs) for each micro-plot were also determined and compared with Feddes-type water stress
and salt stress factors, indicating that salt stress was the dominant environmental stress at our
experimental site. To facilitate WOFOST-ES application, empirical functions between salt stress factors
(dominant ESs) and soil salt contents were established and accurately validated with measurements
from sunflower micro-plot experiments in 2013 and field experiments in 2017, respectively.

In summary, the WOFOST-ES model balanced physical-based crop growth simulations and
empirical methods for model parameterization, considering both scientific and practical views, and
can be used to predict crop growth in saline soils. With minor calibrations, WOFOST-ES can also
be applied to evaluate the effects of other environmental stresses or environmental changes on
agricultural production.
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